Clinical cases of glucocorticoid (GC) excess are characterized by increased fat mass and obesity through the accumulation of white adipocytes. The effects of GCs on growth and function of brown adipose tissue are unknown and may contribute to the negative energy balance observed clinically. This study aims to evaluate the effect of GCs on proliferation, differentiation, and metabolic function of brown adipocytes. Human brown adipocytes sourced from supraclavicular fat biopsies were grown in culture and differentiated to mature adipocytes. Human white adipocytes sourced from subcutaneous abdominal fat biopsies were cultured as controls. Effects of dexamethasone on growth, differentiation (UCP1, CIDEA, and PPARGC1A expression), and function (oxygen consumption rate (OCR)) of brown adipocytes were quantified. Dexamethasone (1 mM) significantly stimulated the proliferation of brown preadipocytes and reduced that of white preadipocytes. During differentiation, dexamethasone (at 0.1, 1, and 10 mM) stimulated the expression of UCP1, CIDEA, and PPARGC1A in a concentration-dependent manner and enhanced by fourfold to sixfold the OCR of brown adipocytes. Isoprenaline (100 nM) significantly increased (P!0.05) expression of UCP1 and OCR of brown adipocytes. These effects were significantly reduced (P!0.05) by dexamethasone. Thus, we show that dexamethasone stimulates the proliferation, differentiation, and function of human brown adipocytes but inhibits adrenergic stimulation of the functioning of brown adipocytes. We conclude that GCs exert complex effects on development and function of brown adipocytes. These findings provide strong evidence for an effect of GCs on the biology of human brown adipose tissue (BAT) and for the involvement of the BAT system in the metabolic manifestation of Cushing's syndrome.
Introduction
Brown adipose tissue (BAT) plays an important role in thermoregulation and energy balance in rodents. Thermogenesis in BAT is achieved by uncoupling protein 1 (UCP1), which dissociates ATP synthesis from the mitochondrial electrochemical gradient, dissipating energy in the form of heat. UCP1 is highly expressed in BAT in comparison to white adipose tissue (WAT). Mice lacking UCP1 develop obesity under thermoneutral conditions (Feldmann et al. 2009 ).
It has long been held that BAT in humans disappears rapidly after infancy. However, recent studies have provided unequivocal evidence that BAT in humans persists in adulthood and is present in most if not all adult humans (Lee et al. 2011) . The metabolic significance of human BAT is under active investigation. The activity of BAT, as detected by metabolic imaging with fluorodeoxyglucose, is lower in obese subjects than in lean subjects. Virtanen et al. (2009) provided evidence that the activation of BAT in a healthy adult can account for significant energy utilization, equivalent to more than 4 kg of fat in a year. Recently, Yoneshiro et al. (2013) have observed that fat mass reduced significantly after 6 weeks of daily cooling for 2 h which significantly activated BAT. These observations provide persuasive evidence for a significant metabolic role of BAT in humans.
Glucocorticoids (GCs) play a critical role in the regulation of energy balance. Chronic GC excess, as exemplified in Cushing's syndrome, results in weight gain and obesity. GCs increase body fat mass through several mechanisms. They stimulate the recruitment of preadipocytes to mature white adipocytes (WAs), interacting with other hormones such as insulin to activate a program of WA differentiation. They act centrally in enhancing appetite by reducing leptin signaling (Madiehe et al. 2001) .
The possibility that suppression of the functions of BAT mediates in part the weight gain induced by GCs has received little attention. In contrast to WAs, there is a paucity of information on the effects of GCs on BAT. It was reported nearly 20 years ago that GCs inhibited expression of UCP by BAT in rodents (Moriscot et al. 1993) . Corticosterone inhibited both basal gene expression at thermoneutrality and the response to adrenergic stimulation and cold. Studies using rodent cell lines have observed that GCs downregulated UCP1 and the b3 adrenergic receptor (Adrb3), which is characteristically highly expressed in BAT (Soumano et al. 2000) .
The effect of GCs on BAT in humans is unknown. We have investigated the effects of GCs in a model of primary human adipocytes derived from biopsies of supraclavicular brown adipocyte (BA) depots (Lee et al. 2011) . The brown preadipocytes proliferate and differentiate from stroma-vascular precursor stem cells over a period of 12 days into mature multilocular BAs expressing multilocular lipid droplets and classical BA transcripts.
Materials and methods

Participants
The biopsies of supraclavicular fat for studies of BA were obtained from 13 patients (two men and 11 women) who underwent neck surgery for thyroid nodules (nZ7), cancer (nZ3), hyperparathyroidism (nZ2), and Grave's disease (nZ1). These patients had a range of comorbidities and were treated with medications for depression, epilepsy osteoporosis, and diabetes. One patient was taking thyroxine and none were taking GCs. Abdominal subcutaneous fat for studies of WA was obtained from 11 patients (three men and eight women) for neoplasms (nZ5), hyperaldosteronism (nZ3), splenectomy (nZ1), cyst (nZ1), and fistula repair (nZ1). These patients had a range of comorbidities and were treated with medications for depression, epilepsy osteoporosis, and diabetes. Two patients were taking thyroxine and none were taking GCs.
Primary preadipocyte culture
Progenitor cells from the stromal vascular fraction (SVF) were isolated as described previously (Lee et al. 2011) . Briefly, tissue was digested with collagenase (Life Technologies), filtered to remove debris, and incubated at 37 8C to allow mature adipocytes to settle in the upper phase. The SVF was collected from the lower phase, filtered, washed, and grown in 25 cm 2 flasks until confluence was reached. Growth media consisted of DMEM with 10% newborn calf serum (Life Technologies), 10 mM HEPES, 1 nM Tri-iodothyronine (Sigma), 100 nM isoprenaline (Sigma), and 0.85 mM insulin (Life Technologies). Upon reaching confluence, cells were differentiated in differentiation media (Lee et al. 2011) . Mature adipocytes were characterized on the basis of lipid droplet accumulation and expression of relevant genes and proteins (see below).
Preadipocyte proliferation
Progenitor cells from the SVF were seeded at a density of 10 000 cells/well (subconfluence) in 96-well plates in growth media. Cell density was measured using CellTiter 96 Non-Radioactive Cell Proliferation Assay (Promega) on day 1. To examine the effects of dexamethasone on proliferation, growth media were supplemented with dexamethasone (1 or 10 mM; Sigma) or left unsupplemented, and proliferation measured again on day 7.
Preadipocyte differentiation
The effect of dexamethasone on differentiation of preadipocytes was examined by culturing confluent preadipocytes in differentiation media with and without dexamethasone for 12 days. Expression of genes and proteins, as a measure of BAT differentiation, were determined as described below. Based on gene expression data, cells showed maximal response after 9 days of differentiation, and this time course was used for all subsequent experiments. UCP1, CIDEA, and PPARGC1A were examined as key molecular markers of BAT differentiation. We also investigated the effects of dexamethasone on the expression of HSD11B1 by BAs. As HSD11B1 controls local availability of GC by converting inactive cortisone to active cortisol, induction of HSD11B1 expression is likely to amplify the effects of GC itself.
UCP1 immunohistochemistry
Cells were fixed in 10% formalin and immunohistochemistry was processed as described previously (Lee et al. 2011) . Briefly, cells were blocked in 1% BSA (Invitrogen) and incubated with a rabbit-anti-UCP1 antibody (Abcam, Cambridge, UK) or normal rabbit serum overnight. A HRP-conjugated secondary antibody was applied, followed by 3,3 0 -diaminobenzidine (Invitrogen).
Adipocyte function
This was assessed by quantifying oxidative respiratory rate in differentiation media. Preadipocytes isolated from brown fat biopsies were differentiated in 0, 1.0, or 10 mM dexamethasone for 9 days in dedicated culture plates provided by the manufacturer that are required for undertaking measurement of oxygen consumption, as described below.
Oxidative respiratory rate determination
Oxygen consumption was determined using an XF24 The basal OCR of the preadipocytes was determined after 9 days of differentiation. We also determined the effects of isoprenaline (100 nM) on the OCR of these differentiated adipocytes in the presence and absence of dexamethasone. For these studies, day 9 differentiated adipocytes were cultured for 24 h in DMEM with 10% newborn calf serum (Life Technologies) and then treated with isoprenaline with or without dexamethasone (1 mM) for 16 h.
Statistical analysis
Statistical analysis was performed using GraphPad Prism (San Diego, CA, USA). Data are expressed as meanGS.E.M. Comparisons between BA and WA were performed using repeated-measure ANOVA with Dunnett's correction. All other comparisons were performed using nonparametric Kruskal-Wallis testing and Dunn's multiple comparison test. A P value of !0.05 is considered statistically significant.
Results
Effects of dexamethasone on brown preadipocyte proliferation
To examine the effect of dexamethasone on proliferation, preadipocytes isolated from brown or white fat biopsies were cultured in the presence of 0, 1, or 10 mM dexamethasone for 7 days. Treatment with 1 mM dexamethasone significantly increased proliferation in brown preadipocytes and this effect approached statistical significance (PZ0.053) with 10 mM (Fig. 1A) . In contrast, dexamethasone significantly decreased proliferation in white preadipocytes at both 1 and 10 mM (Fig. 1B) .
Effect of dexamethasone on differentiation of brown preadipocytes
Preadipocytes isolated from biopsies of either brown or white fat were cultured to confluence and placed in differentiation media for up to 12 days, and gene expression of UCP1, CIDEA, and PPARGC1A was quantified at days 3, 6, 9, and 12 ( Fig. 2A, B and C) . The changes were expressed in relation to that observed in UD preadipocytes immediately before placement in differentiation media. The time course and expression profile of brown preadipocyte differentiation were robust, consistently demonstrating maximal gene expression on day 9. Subsequent experiments using dexamethasone at concentrations of 0, 0.1, 1.0, or 10 mM on cultured preadipocytes were therefore undertaken over 9 days. Dexamethasone treatment induced a dose-dependent stimulation on the expression of UCP1, CIDEA, and PPARGC1A in BA (Fig. 3A, B and C) inducing maximal changes of up to 336-fold for UCP1, 32-fold for CIDEA, and 2.8-fold for PPARGC1A. Expression of UCP1 protein in brown adipocytes differentiated in 0, 1.0, or 10 mM dexamethasone was determined by immunohistochemistry. As observed for gene expression, expression of UCP1 protein was stimulated by dexamethasone in cells isolated from three individuals (Fig. 3D) .
Low levels of UCP1 were expressed in WA and these did not change during differentiation. CIDEA, and PPARGC1A were more robustly expressed in WA, but once again did not change during differentiation ( Fig. 2A, B and C). Dexamethasone treatment stimulated expression of CIDEA but did not affect the expression of UCP1 or PPARGC1A (Fig. 3) .
Effect of dexamethasone on expression of HSD11B1
Dexamethasone significantly increased the expression of HSD11B1 in both BA and WA; however, BA achieved significantly higher expression levels than WA (Fig. 4) . Furthermore, overall levels of expression of HSD11B1 were markedly reduced in WA compared with BA (0.2-fold and 7-fold respectively), relative to differentiated BAT in the absence of dexamethasone.
Effect of dexamethasone on oxygen consumption
Oxidative respiratory rate is an indicator of cellular metabolism, and expression of UCP1 in BAT underlies uncoupled respiration, giving rise to thermogenesis. Preadipocytes isolated from biopsies of brown fat were differentiated in 0, 1.0, or 10 mM dexamethasone for 9 days in Seahorse XF24 culture plates. Figure 5A shows a representative OCR trace with a characteristic reduction in OCR upon the addition of Oligomycin (an inhibitor of ATP synthase; at time i), an increase in OCR with the addition of FCCP (an electron transport chain accelerator; at time ii), and decrease in OCR with Antimycin A and Rotenone (inhibitors of complex III and I respectively; at time iii). The addition of mitochondrial inhibitors provides an estimate of non-mitochondrial oxidation, which was subtracted from all other measurements to calculate the mitochondrial dependent respiration.
Uncoupled respiration is the hallmark of BAT function and is measured in the presence of Oligomycin which inhibits the activity of ATP synthase. Relative to cells differentiated in the absence of dexamethasone, both 1 and 10 mM dexamethasone increased uncoupled OCR (Fig. 5B) . Maximal respiratory rate, measured in the presence of FCCP, is an indication of the capacity of the cells to respond to increased oxidative demand. 10 mM dexamethasone significantly increased maximal respiratory rate (Fig. 5C ).
The effect of dexamethasone on adrenergic action
BAT is stimulated by adrenergic activation via the sympathetic nervous system. To investigate the influence of dexamethasone on adrenergic regulation, brown preadipocytes were differentiated for 9 days and then incubated for 24 h in DMEM with NBCS. Cells were treated with 100 nM isoprenaline, with or without 1 mM dexamethasone, for 5 h. Isoprenaline significantly stimulated the expression of UCP1, and this effect was abrogated by concurrent treatment with dexamethasone (Fig. 6A) . Dexamethasone alone did not significantly affect the expression of UCP1 over 5 h.
BA function was examined by determining the OCR of cells stimulated with isoprenaline and/or dexamethasone for 16 h. When expressed relative to the value for untreated cells, isoprenaline alone significantly increased uncoupled OCR (1.8-fold, PZ0.03), and 1 mM dexamethasone significantly decreased isoprenaline-stimulated uncoupled mitochondrial oxidation and maximum oxidation ( Fig. 6B and C) .
Discussion
In this study of primary human BA obtained from supraclavicular fat biopsies, we demonstrate that dexamethasone stimulates proliferation of brown preadipocytes. It enhanced the expression of key BAT-related genes, namely UCP1, CIDEA, and PPARGC1A while also augmenting substantially the oxidative respiratory rate of brown preadipocytes during differentiation. However, dexamethasone significantly inhibited the oxidative rate of differentiated BAs stimulated by isoprenaline. In contrast, dexamethasone inhibited proliferation of white preadipocytes from subcutaneous abdominal fat. When cultured in brown-adipocyte-differentiation media, dexamethasone triggered a slight increase in the expression of CIDEA but not in the expression of UCP1 or PPARGC1A in white preadipocytes, the abundance of which was lower than that observed in brown preadipocytes undergoing differentiation. In summary, dexamethasone exerts divergent effects on proliferation of brown and white preadipocytes. It markedly stimulates the differentiation and basal oxidative rate of BAs, but reduces adrenergic activation of BA function. Abundance of mRNA of UCP1 (nZ11, BA and nZ5, WA) (A), CIDEA (nZ10, BA and nZ5, WA) (B), and PPARGC1A (nZ10, BA and nZ5, WA) (C) during 12 days of differentiation. Gene expression in adipocytes isolated from brown (black bars) or white (white bars) fat prior to differentiation (undifferentiated (UD)) and after 3, 6, 9, and 12 days of differentiation. Data are expressed as fold changes relative to the values for UD brown adipocytes. *Denotes within-depot significance relative to control by oneDexamethasone stimulated the proliferation of human brown preadipocytes in culture. To our knowledge, the effects of GCs on proliferation of brown preadipocytes from primary cultures or from human cell lines have not been reported, although quite extensive work with these cells has been published (Elabd et al. 2009 , Nishio et al. 2012 . Similarly, descriptions of the effects of GCs on rodent-derived BA cell lines have not been published (Ross et al. 1992 ). Contrary to the positive effect on proliferation of brown preadipocytes dexamethasone inhibited the expansion of white preadipocytes derived from subcutaneous adipose tissue. An inhibitory effect of GCs on proliferation of white preadipocytes has been observed in studies of rodents. Gregoire et al. (1991) reported that corticosterone and dexamethasone markedly reduced the growth of white adipocyte precursors derived from stroma-vascular cells from retroperitoneal fat of rats, an effect evident during the growth phase and after confluence. The authors of a recent review on the role of GCs in adipose tissue biology concluded that GCs exert anti-proliferative effects on preadipocytes, but are required for full differentiation of adipocytes (Lee et al. 2014) . Collectively, GCs appear to exert opposite effects on the proliferation of brown and white preadipocytes, stimulating growth of former and inhibiting that of the latter.
Dexamethasone stimulated the differentiation of human brown preadipocytes. It exerted a uniform effect on the expression of the BAT-marker genes UCP1, CIDEA, and PPARGC1A reaching significance at the maximal dose. This was accompanied by a marked increase in the levels of UCP1 protein and OCR and in particular uncoupled respiration, the hallmark of the thermogenic function of BAT. In white preadipocytes, dexamethasone did not stimulate expression of UCP1 or PPARGC1A expression, but increased the expression of CIDEA slightly. As CIDEA and PPARGC1A are also regulatory genes of white adipocytes, the effects of dexamethasone on these genes indicate a common effect on the differentiation of precursors of both brown and white adipocytes. There is strong evidence that GCs stimulate the differentiation 
Figure 3
Effects of dexamethasone (DEX) on mRNA abundance of UCP1 (nZ9, BA and nZ6, WA) (A), CIDEA (nZ6, BA and nZ5, WA) (B), and PPARGC1A (nZ11, BA and nZ3, WA) (C) in adipocytes isolated from brown (black bars) or white (white bars) fat prior to differentiation (undifferentiated (UD)) or adipocytes after 9 days of differentiation in the presence of 0, 0.1, 1.0, or 10 mM dexamethasone. Data are expressed as fold change relative to the values for UD brown adipocytes. *Denotes within-depot significance relative to the results for cells that had been treated with 0 mM dexamethasone by one-way ANOVA: P!0.05 and # denotes between-depot significance by two-way ANOVA: P!0.05. UCP1 immunohistochemistry of brown preadipocytes isolated from three subjects and differentiated for 9 days in the presence of 0, 1, or 10 mM dexamethasone (D). Magnification isof white preadipocytes (Rebuffe-Scrive et al. 1988, AyalaSumuano et al. 2013, Lee et al. 2014 ). This effect is observed in primary cultures and cell lines of both humans and rodents (Lee et al. 2014) . They act synergistically with insulin in simulating lipogenesis, triglyceride storage, and adipocyte hypertrophy, thus GCs appear to act concordantly in stimulating the differentiation of brown and white preadipocytes in contrast to their divergent effects on proliferation. In our studies, treatment with dexamethasone induced expression of HSD11B1 in brown preadipocytes and white preadipocytes; however, this effect was significantly greater in brown preadipocytes. HSD11B1 regulates local concentrations of GCs by converting inactive cortisone to active cortisol. Unlike cortisol, dexamethasone, a synthetic GC agonist, does not rely on HSD11B1 for activation. Therefore, the differences in HSD11B1 expression between brown and white adipocytes probably reflect differences in the effects of GCs between tissues rather than their local availability. A report by Lee et al. (2008) revealed that dexamethasone did not enhance the expression of HSD11B1 from white preadipocytes derived from subcutaneous abdominal fat. In contrast, HSD11B1 from omental fat was upregulated by dexamethasone, indicating the existence of depot-specific differences in responsiveness of HSD11B1 to GCs (Lee et al. 2008) . Nevertheless, the observation that dexamethasone stimulates the expression of HSD11B1 is indicative of a novel stimulatory role for GCs in adipogenesis of BA, system increases expression of UCP1 and stimulates the thermogenic function of BAT. Owing to the central stimulatory role of the adrenergic system on the function of BAT, we investigated the effect of dexamethasone on OCR of differentiated brown adipocytes stimulated by isoprenaline. Dexamethasone significantly reduced the isoprenaline-induced OCR of brown adipocytes, the major component of which was uncoupled oxidation. These observations on human brown adipocytes are supported by results from studies on rodents (Soumano et al. 2000 , Rodríguez & Palou 2004 , Liu et al. 2013 . The stimulation, by exposure to cold or isoprenaline, of expression of UCP1 of BAT from the intrascapular region is inhibited by GCs (Soumano et al. 2000) . The combined results indicate that the stimulation of the function of BAT by the b adrenergic activation is attenuated by GCs. It is known that GC therapy causes weight gain, an effect often attributed to effects on appetite. We set out to determine whether weight gain might be attributed in part to inhibition of the abundance or function of BAT. We found, to our surprise, that dexamethasone enhanced the growth of brown preadipocytes, stimulating differentiation and basal metabolic activity, changes which would lead to negative rather positive energy balance. However, dexamethasone reduced the oxidative function of BAs under adrenergic stimulation, a situation that may mimic its effect in vivo. However, the present data do not allow us to deduce the net effect of GCs on the activity of BAT in vivo. It is also known that chronic GC excess causes an obese phenotype that characteristically includes fat hypertrophy around the base of the neck. These areas, including the supraclavicular fossa, correspond to the location of BAT depots in human adults. Based on our finding that dexamethasone stimulates the growth of brown adipocytes, it is conceivable that the hypertrophied neck fat observed in Cushing's syndrome repesents expanded depots of brown adipocytes. Our findings indicate the need for studies to investigate the wholebody in vivo effect of GCs on BAT as assessed by metabolic imaging with FDG, and the nature of neck fat in patients with GC excess.
In summary, the results of this first study, to our knowledge of the effects of GCs have demonstrated that dexamethasone stimulates the proliferation and the differentiation of human brown preadipocytes. Dexamethasone increased the oxidative function of these differentiated adipocytes by up to fourfold. However, dexamethasone inhibits the function of brown adipocytes under adrenergic stimulation. We conclude that the collective effects of GCs on BA biology are complex, punctuated by distinct stimulatory and inhibitory effects on the phases of development and regulated function. These novel findings indicate an important regulatory role of GCs in the biology of BAT and the probable involvement of the BAT system in the metabolic manifestation of Cushing's syndrome. Separate and combined effects of isoprenaline (ISOP) and dexamethasone (DEX) on brown adipocytes. Expression of UCP1 in brown adipocytes differentiated for 9 days, and then stimulated with 100 nM isoprenaline, with or without 1 mM dexamethasone, for 5 h (A), nZ4. Uncoupled OCR (B) and maximum OCR (C) of cells stimulated with 100 nM isoprenaline with or without 1 mM dexamethasone, nZ5. Data are expressed as the percentage of OCR in unstimulated cells. *P!0.05 versus control.
